Abstract: Brillouin distributed measurement techniques have been extensively developed for structural health monitoring using fibre optic nerve systems. The recent advancement in the spatial resolution capabilities of correlation-based Brillouin distributed technique have reached the sub-mm regime, making this approach a suitable candidate for monitoring and characterizing integrated photonic devices. The small dimension associated with the short length of these devices-on the order of the cm-and mm-scale-requires high sensitivity detection techniques and sub-mm spatial resolution. In this paper, we provide an overview of the different Brillouin sensing techniques in various micro-scale structures such as photonic crystal fibres, microfibres, and on-chip waveguides. We show how Brillouin sensing is capable of detecting fine transverse geometrical features with the sensitivity of a few nm and also extremely small longitudinal features on the order of a few hundreds of µm. We focus on the technique of Brillouin optical correlation domain analysis (BOCDA), which enables such high spatial resolution for mapping the opto-acoustic responses of micro-scale waveguides.
Introduction
Micro-scale waveguides-specifically, microfibres, photonic crystal fibres (PCFs), and on-chip waveguides-offer enhanced nonlinearity due to their small core dimensions and also allow for group velocity dispersion tailoring [1] . Due to these unique features, micro-scale waveguides have found applications in supercontinuum generation [2] [3] [4] , Raman amplification [5] , self-phase [6] and cross-phase modulation [7] , four-wave mixing [8] , and frequency combs [9] . In these waveguides, not only the optical modes are confined, but also the acoustic modes, which, due to their efficient overlap [1, [10] [11] [12] [13] [14] [15] , enable applications ranging from sensing in micro-structures [16] [17] [18] [19] to RF signal processing [20, 21] , RF sources [22, 23] , narrow-linewidth lasers [24] [25] [26] [27] [28] , frequency combs [29] , and light storage [30, 31] . The performance of the on-chip waveguides in terms of gain and linewidth is influenced by the geometrical variation along the structure [32] [33] [34] . For example, in micro-fibres, the effect of Brillouin scattering can be suppressed by controlling the core diameter [10] . The diameter of the core also becomes important when coupling in and out of photonic circuits [35] . It was shown that structural irregularities in a PCF lead to a different Brillouin response compared to what is expected from a perfect PCF [36] . Therefore, a detection technique is required to monitor and characterize the opto-acoustic interactions in these structures.
The same opto-acoustic interaction, called Brillouin scattering, that enables such functionalities in micro-scale waveguides can be exploited to detect structural irregularities and characterize their opto-acoustic responses. Stimulated Brillouin scattering (SBS) is an optical nonlinear effect resulting in inelastic scattering of a light wave by an acoustic wave in a medium. SBS involves an optical pump and signal waves and an acoustic wave, which interact with each other under the phase matching and energy conservation condition. The phase matching condition implies that:
− → k p − − → k s = − → q , where − → k p and − → k s are the propagation constants of the pump and signal waves, respectively, and − → q is the propagation constant of the acoustic wave. Energy conservation implies that: ω p − ω s = Ω, where ω p and ω s are the pump and signal frequencies, respectively, and Ω is the acoustic angular frequency. The acoustic field takes the form of either transverse, longitudinal, or a superposition of both waves, which can be utilized to measure the geometrical features of the waveguide such as the core diameter [37] and detect waveguide irregularities [38] . However, in order to make a distributed measurement along the waveguide, the SBS response needs to be localized.
A conventional SBS measurement involves continuous wave (cw) pump and signal waves which interfere along the entire length of the medium, and therefore, the measured back-scattered signal is an integrated opto-acoustic response. In contrast, a distributed SBS response can be achieved by modifying the intensity or the phase of the pump and signal waves such that the SBS interaction is limited to a certain length in the medium and suppressed elsewhere. The most conventional distributed Brillouin measurement technique, which is called Brillouin optical time domain analysis (BOTDA), is based on a pulsed pump and a cw probe [39] [40] [41] , where the pulse duration determines the spatial resolution of the measurement [42] . A more recent technique is the correlation-based Brillouin sensing, which employs low-coherence pump and probe sources, whose correlation length determines the spatial resolution of the measurement [43, 44] . While the spatial resolution in the time domain technique is limited by the pulse duration, the latter overcomes this restriction by three orders of magnitude [45] . Therefore, mm-and sub-mm spatial resolution have been achieved using BOCDA [45] [46] [47] [48] , which opened up a new paradigm by bringing SBS distributed measurement to much shorter and more compact devices such as on-chip waveguides [46, 48, 49] and micro-structures [50] . Therefore, the functionality of the distributed Brillouin measurement in micro-scale structures has changed from the more common temperature and strain monitoring in optical fibres to mapping the uniformity of these devices.
In this paper, we review Brillouin sensing techniques for micro-scale waveguides in the form of (a) non-distributed backward scattering to highlight the effects of waveguide dimensions-which can reach the sub-wavelength limit-on the overall opto-acoustic responses, (b) non-distributed forward scattering, which enables core diameter measurement, and (c) distributed backward scattering, which enables detection of fine longitudinal features along the waveguides with cm-and mm-length scales. Although there are already some insightful reviews in the field of Brillouin-based fibre sensors [51] [52] [53] [54] and in general fibre optic-based distributed sensing [55, 56] , the motivation of this work is to provide a more focused review of Brillouin-based micro-structure and on-chip waveguides monitoring. The structure of this paper is as follows: The second section discusses the basic SBS principle and the dependence of the opto-acoustic response on environmental variables. We then discuss various distributed Brillouin measurement techniques with an emphasis on the spatial resolution evolution in the time domain and correlation domain and provide deeper details and the state-of-the-art of correlation domain Brillouin sensing in Sections 3 and 4, respectively. In Section 5, we discuss opto-acoustic interactions in micro-structures and short-length scale devices. Finally, we provide an outlook for mm and sub-mm spatial resolution Brillouin sensing based on the recent advancements in the field.
Brillouin Sensing Principle
The properties of the Brillouin gain spectrum including the linewidth and its frequency shift relative to the pump-called Brillouin frequency shift (BFS)-can be studied to obtain information about the environmental parameters such as temperature and strain, as well as the geometry of the waveguide. Brillouin scattering can be observed as backward or forward scattering involving longitudinal and transverse acoustic waves, respectively. Transverse acoustic waves mean that their propagation is mostly in the transverse direction to the propagation of the optical waves in the waveguide.
Backward Brillouin Scattering
Backward Brillouin scattering occurs when optical pump and probe waves counter-propagate through a medium with the probe being frequency shifted from the pump by the BFS (ν B ). In this scenario, the pump and probe interference creates a moving refractive index grating, which back scatters the pump wave with a Doppler shift associated with the velocity of the moving grating, as shown in Figure 1 . This process is called backward Brillouin scattering, which under the phase-matching and energy conservation conditions, results in the coherent energy transfer from the pump wave to the signal wave through the acoustic wave.
The BFS in the backward scattering process (ν B ) is defined by Equation (1):
In this equation, BFS is a function of the effective refractive index (n eff ), the pump wavelength (λ p ), and the longitudinal acoustic mode velocity (v a ), which itself is dependent on material properties [43] and is sensitive to strain and temperature [54, 57] . The relation between the BFS and temperature and strain have been experimentally demonstrated in different platforms such as standard silica fibres [58] [59] [60] , GeO 2 -doped fibre [57] , dispersion-shifted fibre (DSF) [61] , and PCF [62] . 
Forward Brillouin Scattering
Forward Brillouin scattering occurs when the optical pump and the probe co-propagate through the medium with the probe being frequency-shifted from the pump by the forward BFS. In this process, the propagation constants of the pump and probe waves are almost equal; therefore, according to the phase-matching condition, the propagation constant of the acoustic wave approaches zero. As a result, the acoustic waves in the forward Brillouin process do not propagate along the waveguide, but mostly propagate transversely. The BFS in the forward Brillouin process for a cylindrical medium such as optical fibre and for a certain acoustic mode (m) is expressed by [63] :
where d is the fibre outer diameter, v t,m is the m th transverse mode acoustic velocity, and y m the m th zero of the Bessel function describing the boundary conditions for the free fibre surface [64] . This forward BFS as described in Equation (2) has been utilized to determine the strain coefficient in silica fibre [65] and the temperature coefficient in highly nonlinear fibre [66] and PCF [67] , sound velocity in silica fibre [63] , and the core diameter of the tapered fibre [37] . The intrinsic linewidth of the Brillouin gain spectrum is determined by the phonon lifetime and the structural irregularities of the waveguide. In the forward Brillouin interaction, an extra component contributes to the linewidth of the Brillouin gain spectrum of a given mode due to the transmission losses at the boundaries of the core [68] . These losses are dependent on the acoustic impedance of the surrounding medium and vary from one material to the other. Therefore, the linewidth of the Brillouin gain spectrum has been exploited for chemical sensing purposes in the forward Brillouin scattering process [68] [69] [70] . The expressions represented in Equations (1) and (2) are valid under the assumption that the waveguide dimensions are much larger than the acoustic wavelength (w, h 2πv a Ω ) [34] , where w and h stand for the waveguide width and thickness, respectively. However, as the waveguide dimensions approach the acoustic wavelength, the waveguide is no longer considered as isotropic [34] , and the effect of boundary forces becomes important [71] . Therefore, a fully-vectorial calculation is required to obtain an accurate estimation of the BFS [32] [33] [34] .
Distributed Brillouin Sensing Techniques
In this section, we provide a brief overview of various Brillouin-based distributed sensing techniques. Brillouin optical time domain analysis (BOTDA) employs a pulsed pump and a cw probe to limit the SBS interaction length to the pump pulse duration. The first BOTDA demonstration in optical fibre using counter-propagating pulsed pump and cw probe waves was reported by Horiguchi et al. [72] . This approach has improved the signal to noise ratio (SNR) and the sensitivity in comparison to the Brillouin time domain reflectometry (BOTDR) method, which is based on spontaneous Brillouin scattering [73] . The first distributed temperature measurement using BOTDA was reported by Kurashima et al., where the temperature distribution along a silica single-mode optical fibre with a spatial resolution of 100 m was measured [39] . This demonstration was followed by the works of Bao et al. [40] reporting a distributed temperature measurement in an optical fibre with 5 m spatial resolution and Nikles et al. [41] measuring distributed strain and temperature with a stabilized probe using a single laser source. The spatial resolution of the BOTDA technique, however, is limited to 1 m. This is due to the fact that for pump pulses shorter than the the phonon lifetime (approximately 10 ns in silica fibre), the Brillouin spectrum experiences a broadening, which makes the measurement inaccurate [42] . Different techniques including dark pulses [74] and phase pulses, which were based on the initial work of Bao et al. [75, 76] , were introduced to overcome the spatial resolution limit of BOTDA [77] [78] [79] . These techniques are based on a sudden change in the phase pulse like Brillouin echo distributed sensing (BEDS) [53] or a sudden drop in amplitude of the pump wave (dark pulses), which affects the Brillouin response and can be detected by a fast detection scheme [53, 80] . Spatial resolutions of 5 cm and 2 cm were reported using phase pulse [81] and dark pulse [80] , respectively. Another technique, called pre-pump Brillouin optical time domain analysis (PPP-BOTDA), is based on the long pump pulse to excite the phonon followed by a short pump pulse to enable high spatial resolution measurement, while the probe is in the form of a continuous wave, counter propagating the pump [82] [83] [84] [85] . Spatial resolution down to 2 cm was demonstrated using this technique [83] .
Other distributed Brillouin measurement techniques include Brillouin optical frequency domain analysis (BOFDA) and Brillouin dynamic grating (BDG). BOFDA is based on the intensity modulation of the pump with a sinusoidal wave such that by sweeping the modulation frequency, a distributed SBS response can be obtained [86] . Although this technique does not have the spatial resolution limitations of the time domain and a spatial resolution of 3 cm was demonstrated using this technique, it requires heavy post-processing to recover the Brillouin gain spectrum, and therefore, the measurement time is relatively long for cm-long spatial resolutions [86] . BDG employs the refractive index grating generated in one polarization to Bragg reflect the pump wave in the orthogonal polarization [87] . This technique could achieve sub-cm spatial resolution (5.5 mm) [88] ; however, it requires polarization-maintaining fibre and more than one pump laser to realize SBS in two orthogonal directions.
Although time domain, frequency domain, and dynamic gratings have been improved significantly in terms of spatial resolution and performance, the record spatial resolution in Brillouin distributed sensing is achieved based on a technique called Brillouin optical correlation domain analysis (BOCDA), which is described in detail in the next section. Figure 2 compares the spatial resolution evolution of the time domain techniques versus correlation domain techniques. The solid blue line in the plot shows the overall trend of the spatial resolution in time domain techniques, which has improved from 100 m to a few cm. The dashed red line indicates the progress in spatial resolution of correlation domain techniques since their introduction in 1999. It becomes clear from this plot that the highest spatial resolutions so far belong to this technique. This plot does not include all the works in the field of distributed Brillouin sensing, which is rather vast and out of the scope of this review, but only gives an indication of the progress in the time domain and correlation domain Brillouin distributed sensing techniques in terms of the spatial resolution capabilities. 
Correlation-Based Brillouin Sensing
BOCDA, first introduced by Hotate et al. [43, 89] , relies on the correlation between the counter-propagating optical pump and probe waves. The pump and probe waves are driven from a low coherence source so that their interference in time is only partially correlated and can be defined by the auto-correlation function between the two counter-propagating waves. The length of the correlation peak determines the spatial resolution in this technique. Low-coherence sources involved so far in BOCDA include frequency-modulated [43] or random-phase-modulated laser source [44] , amplified spontaneous emission (ASE) source [47] , and random lasers [90] . As illustrated in Figure 3 , all these techniques involve a source whose spectral bandwidth is defined either by frequency and phase modulation or a random process. This source is then split into pump and probe signals, which are frequency shifted by the BFS. The interference of the pump and probe signals in the medium results in the generation of the correlation peak in a certain positions along the waveguide, as illustrated in Figure 3 . Different BOCDA approaches are discussed in the following. The first demonstration of BOCDA was based on frequency-modulated pump and probe waves to create a localized correlation peak for the local excitation and detection of SBS response along an optical fibre with a spatial resolution of 40 cm, as shown in Figure 4a [43] . The spatial resolution (∆z) and the measurement range (d m ) of this technique are determined by the following equations [45] :
where f m is the modulation frequency, v g is the group velocity, ∆ν B is the Brillouin gain bandwidth, and ∆F is the modulation amplitude, as shown in Figure 3 . From Equations (3) and (4), for a fixed measurement range, the spatial resolution is inversely related to the modulation amplitude. However, increasing the modulation amplitude beyond ν B 2 raises the problem of spectral overlap between the residual pump back-reflection-due to Rayleigh scattering and, in photonic chip experiments, a strong reflection from the chip facets-and the amplified probe, which cannot be separated using an optical filter. This issue was addressed by introducing two lock-in amplifiers (LIA) in the detection stage to distinguish electronically between the slow intensity-modulated pump and the amplified probe [92] . A distributed strain measurement with a spatial resolution of 1.6 mm based on this technique was demonstrated by Song et al. [92] . In this technique, the frequency modulation of the pump and probe results in the generation of periodic correlation peaks, which in turn limit the measurement range, as expressed in Equation (3). In addition, from Equations (3) and (4), it becomes clear that there is a trade-off between the measurement range and the spatial resolution. BOCDA measurement based on random phase-coded pump and probe waves introduced by Zadok et al. [44] significantly extended the measurement range while achieving high spatial resolution. In this technique, the pump and the probe are coded by a binary pseudo random bit sequence (PRBS) with a symbol duration of T, where the spatial resolution is determined by 1 2v g T . Two adjacent correlation peaks are separated by 1 2 Mv g T, where M is the length of the PRBS stream, which can be chosen to be considerably long to increase the measurement range [44] . This technique achieved a high spatial resolution of 1 cm, as shown in Figure 4b , with a theoretical measurement range of 1 km and experimental measurement range of 200 m. The SNR in this measurement was relatively weak due to the existence of the off-peak scattering, which scales with the measurement length. By introducing the Golomb-coded pump and probe and comparing it with the PRBS, Antman et al. showed that a higher SNR and lower off-peak reflectivity can be achieved [93] . This technique was later combined with a time gating approach to demonstrate a distributed measurement with a spatial resolution of 2 cm and the measurement range of 400 m [94] . Combining BOCDA with the time gating technique has improved the SNR and the measurement range by eliminating the noise attributed to the locations outside the correlation [94] [95] [96] .
A novel adaptation of BOCDA, introduced by Cohen et al. [47] , is based on the ASE of an erbium-doped fibre. This technique introduced a single correlation peak whose spatial resolution relied on the bandwidth of the ASE source according to: ∆z = v g 2∆ f , where ∆ f represents the ASE bandwidth. Unlike the frequency modulation technique, where specialized lasers capable of large modulation amplitude are required, this approach offers a simple and less expensive solution based on an ASE source to obtain mm-scale spatial resolution in optical fibres. Using this technique, a 4-mm hot spot was detected in an optical fibre [47] . The SNR in this approach is affected by the stochastic nature of the ASE source, which introduces an amplitude fluctuation to the SBS response and can be calculated by [47] :
where T is the detector integration time and ∆z is the spatial resolution. It becomes clear from Equation (5) that a system with a small A eff and longer integration time could improve the SNR significantly. This was demonstrate in [48] , which reported an 800-µm spatial resolution BOCDA measurement of an on-chip photonic waveguide with a small A eff and large g B compared to the optical fibre and a phase-sensitive detection technique to increase the integration time, and consequently the SNR. Figure 4c shows the detection of the waveguide facet with an 800-µm spatial resolution using this technique. The practical spatial resolution in this technique is limited due to two main reasons. First, the probe amplification scales exponentially with the effective opto-acoustic interaction length; therefore, reduction in the effective opto-acoustic length as a result of increasing the spatial resolution leads to a lower SNR. Second, to achieve sub-mm spatial resolutions, the ASE bandwidth exceeds the BFS, which results in a spectral overlap between the amplified probe and the back-reflected pump, which cannot be optically filtered. In the case of on-chip waveguides, this back-reflection is much stronger due to the additional reflection from the waveguide facets, which sets a limit on the spatial resolution of the on-chip sensing experiments [48, 49, 97] . A low-coherence chaotic laser has also been employed to detect a 5-cm hot spot in an optical fibre based on the BOCDA principle [90] . In this method, the coherence of the random laser source is controlled by the feedback loop to the laser, which in turn determines the spatial resolution of the measurement. Table 1 provides a summary of BOCDA distributed sensing techniques on different platforms including their spatial resolution with an emphasis on mm-and sub-mm resolutions. Noticeable from this table is the change of platforms from optical fibres to on-chip waveguides as we move from cm-scale to mm and sub-mm spatial resolutions. It is also clear from Figure 2 that the introduction and evolution of the BOCDA technique have increased the detection capabilities of Brillouin distributed sensing and put more emphasis on applications such as mapping opto-acoustic responses along the waveguide [46, 48] , in addition to the more traditional distributed strain and temperature sensing applications in optical fibres. The high spatial resolution achieved by BOCDA can be applied to the short-length scale micro-scale waveguides to map the opto-acoustic responses of those structures.
In the next section, we look at the opto-acoustic interactions in micro-scale waveguides and provide an overview of the applications of Brillouin scattering in detecting very small transverse and longitudinal features in those structures using different setups.
Sensing of Micro-Scale Structures
Brillouin scattering in micro-scale structures including PCFs, micro-fibres, and on-chip waveguides has been studied to detect different geometrical parameters through either transverse or longitudinal opto-acoustic interactions. In this section, we explain how Brillouin scattering of micro-scale waveguides is affected by their geometries. Then, we discuss the detection of transverse and longitudinal variations along the waveguide based on forward and distributed backward scattering.
Non-Distributed Backward Brillouin Measurement
The dependence of Brillouin backward scattering on the waveguide geometry in micro-structures is evident in the work of Dainese et al. [102] , where it is shown that the spectrum of the spontaneous Brillouin scattering in a small-core diameter PCF is significantly different from that in a large core diameter PCF, as shown in Figure 5 . The large core PCF shows a single peak at frequency 11.2 GHz, corresponding to the dominant longitudinal acoustic mode in the bulk silica, while the small core PCF shows a family of peaks due to the existence of hybrid shear and longitudinal acoustic modes in the sub-wavelength core structure.
(b) Figure 5 . Comparison of the Brillouin spectrum in a large core diameter photonic crystal fibre (PCF) and a small core diameter PCF [102] . Reprinted with permission from Springer Nature: Nature, Nat. Phys., [102] , Copyright 2006. BFS, Brillouin frequency shift.
Unlike the conventional silica fibre, where the acoustic modes are in the form of pure longitudinal or shear modes, in the sub-wavelength regime, the acoustic wave could take the form of a surface acoustic wave (SAW) or a hybrid acoustic wave (HAW), consisting both of longitudinal and shear components [34, 102] . SAWs propagate in the direction of the pump, on the surface of the micro-structure with a velocity lower than a pure longitudinal wave and scatter the light wave. Figure 6a shows the SAW spectrum in a microfibre, which was first observed by Beugnot et al. [11] . Tchahame et al. reported the first observation of SAWs in a PCF and experimentally demonstrated that the spectrum of SAW is highly dependent on the structure of the PCF, as well as the surface irregularities [12] . The two spectra shown in Figure 6b belong to PCFs with different core diameters. The shift in the Brillouin peak between the two spectra is due to the core diameter difference, while the difference between the amplitudes is linked to the microstructure irregularities [12] .
(a) (b) Figure 6 . Spectrum of surface acoustic wave (SAW) in (a) a microfibre [11] (reprinted from [11] and licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License) and (b) two PCFs with different core diameters [12] (reprinted with permission from [12] , OSA).
The backward Brillouin spectrum was utilized to estimate the core diameter of micro-fibres based on the sensitivity of the opto-acoustic interactions to the geometrical variations in the micro-scale waveguides. Godet et al. [103] demonstrated an in situ measurement of the micro-fibre core diameter with a sensitivity of a few nm based on backward SAW and HAW measurement. After collecting the Brillouin spectrum, it was compared with a numerically-calculated map of the surface, longitudinal, and shear acoustic waves at different core diameters (refer to Figure 7 ) to estimate the diameter of the core. Florez et al. [10] demonstrated an effect called Brillouin self-cancellation based on the dependence of the backward Brillouin scattering on the core diameter of a microfibre. In this work, it was shown that the opposite effect of moving boundaries and photo-elasticity in the sub-wavelength regime could reduce the back-scattered signal and even cancel it at certain core diameters. This experiment suggests that the spectrum of the backward Brillouin scattering could be less sensitive to the core diameter than forward Brillouin scattering sensing, which will be discussed in the next section. Figure 7 . Mapping of the experimental surface Brillouin spectrum with the numerically-calculated responses to detect the core diameter of the microfibre under fabrication [103] . Reprinted with permission from [103] , OSA.
Non-Distributed Forward Brillouin Measurement
Forward Brillouin scattering has been exploited to measure the core diameter of a micro-fibre by monitoring the forward BFS [37] , which is inversely related to the diameter of the micro-fibre, as expressed in Equation (2) . In addition, the effect of geometry on the transverse opto-acoustic responses in micro-scale waveguides has been studied in different platforms. Beugnot et al. [104] showed that the existence of the air hole areas in a PCF enhances some transverse acoustic modes while suppressing the others by introducing additional boundary conditions over which phonons are spatially distributed, a behaviour that is different from a conventional dispersion-compensation fibre (DCF). Kang et al. in [1] showed that unlike the conventional silica fibre, which has a weak forward Brillouin interaction, a sub-wavelength PCF provides a strong interaction between the laser light and the transverse acoustic modes by tightly trapping them together within the small core of the PCF. The effect of boundary forces, namely radiation pressure on opto-acoustic responses of an on-chip silicon nano-structure, has been experimentally demonstrated by Van Laer et al. [14] , where a pillar-shaped silicon waveguide exhibited significant Brillouin gain due to the trapping of the acoustic mode in the under-etched silicon waveguide and its strong overlap with the transverse optical mode as a result of the radiation pressure. In a different study, Kittlaus et al. [15] demonstrated an enhancement on the Brillouin amplification in on-chip silicon waveguides by designing a suspended silicon membrane, which guides optical and acoustic modes separately and ensures strong opto-acoustic coupling between them.
In order to characterize fully the opto-acoustic interactions in the micro-scale waveguides, information regarding the longitudinal fluctuations along the waveguide is required. This is evident from the work of Stiller et al. [36] , where it is experimentally demonstrated that the spectral width of the integrated Brillouin spectrum in a PCF is affected by structural imperfections. The existence of degenerate acoustic peaks in the elasto-optic coefficient plot shown in Figure 8a , which is calculated for the actual PCF sample compared to that of a perfect PCF (Figure 8b) , is attributed to the transverse structural irregularities such as defect holes, angles, and pitches, which cannot be detected by a non-distributed SBS measurement. In addition, Wolff et al. [105] theoretically showed that the opto-acoustic strength and the spectral linewidth of the Brillouin response in the nano-scale Brillouin waveguides are sensitive to fabrication imperfections. The mentioned works so far showed how to detect geometry-dependent opto-acoustic responses and estimate the core diameter of the entire micro-structure with high sensitivity. However, in order to detect longitudinal variations along the waveguide, a distributed SBS measurement is required, which is discussed in the following section.
Characterization of the opto-acoustic responses in terms of the longitudinal fluctuations in micro-scale waveguides requires a distributed measurement of the backward Brillouin spectrum with high spatial resolution. Several studies were conducted using the distributed Brillouin sensing techniques mentioned previously to characterize the opto-acoustic responses of micro-scale waveguides, which are discussed in this section.
Distributed Backward Brillouin Measurement
The longitudinal map of the opto-acoustic responses of a PCF based on BOTDA was reported by Beugnot et al. [106] , where the BFS and the full-width half-maximum (FWHM) of the Brillouin spectrum along the PCF was resolved with a spatial resolution of 2 m. Figure 9a shows the mapping of the Brillouin responses based on BEDS reported by Stiller et al. [38] , where the effect of the strain and the waveguide irregularities on the local backward SBS responses of the PCF with the spatial resolution of 30 cm was studied. Chow et al. [100] mapped the uniformity of a micro-fibre by capturing the distributed backward SBS responses using phase-coded BOCDA measurement. Figure 9b shows the local Brillouin spectrum along the 13 cm-long microwire with the spatial resolution of 9 mm. Later, Chow et al. demonstrated a local excitation and capturing of the surface acoustic waves along a microwire [50] . Their setup allows for the local excitation and monitoring of the core diameter by analysing the surface opto-acoustic responses along the waveguide based on the phase-coded BOCDA technique with a spatial resolution of 5.2 cm. Distinct acoustic resonances along the tapered fibre are shown in Figure 10 .
(a) (b) Figure 9 . Longitudinal map of (a) a PCF using Brillouin echo distributed sensing (BEDS) techniques with a spatial resolution of 30 cm [38] (reprinted with permission from [38] , OSA) and (b) a microfibre based on phase-coded BOCDA [100] (reprinted with permission from [100] , OSA). Figure 10 . Brillouin spectrum of the tapered fibre using phase-coded BOCDA measurement at different frequency ranges (a-f) [50] (reprinted with permission from [50] , OSA).
The high spatial resolution offered by BOCDA also enables monitoring of opto-acoustic responses along the cm-and mm-scale on-chip waveguides. Hotate et al. [46] studied the effect of bends on the backward SBS responses in a silica planar waveguide using BOCDA. In this experiment, a frequency-modulated BOCDA measurement with a spatial resolution of 5.9 mm was demonstrated. In Figure 11a , the fluctuations in the BFS determine the positions of the bends along the waveguide. Following the introduction of the ASE-based BOCDA measurement by [47] , which offers simplicity and high spatial resolution, the local backward SBS responses of a short chalcogenide As 2 S 3 photonic waveguide were measured as shown in Figure 11b [48] . This experiment achieved 800-µm spatial resolution thanks to the improved SNR compared to the optical fibre. The enhancement in the SNR was the result of a phase-sensitive detection technique, the large gain coefficient, and small opto-acoustic interaction area in the As 2 S 3 waveguide. In order to confirm the on-chip spatial resolution, a 6-mm waveguide with a 2mm-long longitudinal feature in the form of a width variation was designed in a hybrid silicon-chalcogenide platform [49] . The Brillouin back-scattering from different sections of this waveguide was detected, as shown in Figure 12 . A follow up of this work demonstrated a jump in the detection capability by detecting a 200-µm longitudinal feature in the form of a width variation on a chip by further optimizing the filtering between the back-reflected pump and the amplified probe. Figure 13 shows the detection of 1-mm, 500-µm, and 200-µm features on hybrid silicon-chalcogenide waveguides [97] . In this experiment, both pump and probe waves are driven from a polarized ASE source with a bandwidth of 80 GHz centred at a 1550-nm wavelength. More detail about the experimental setup can be found in [97] .
(a) (b) Figure 11 . Mapping of (a) a silica planar waveguide with a spatial resolution of 5.9 mm using frequency-modulated BOCDA [46] (reprinted with permission from [46] , SPIE) and (b) a chalcogenide photonic waveguide with a spatial resolution of 2.5 mm using ASE-based BOCDA measurement [48] (reprinted from [48] under a Creative Commons Attribution 4.0 International Public License).
(b) Figure 12 . Detection of a 2-mm feature size in a silicon-chalcogenide platform [49] (reprinted from [49] with permission from OSA). 
Conclusions and Outlook
In this paper, we provided a summary of various Brillouin sensing techniques in micro-scale waveguides capable of detecting small transverse and longitudinal features in these structures. We gave an overview of different techniques for mapping the longitudinal features along the waveguide using distributed Brillouin scattering and showed that the highest spatial resolution among these techniques is offered by BOCDA. We then highlighted applications of Brillouin sensing in detecting various geometrical features in PCFs, microfibres, and on-chip waveguides using non-distributed measurement with high sensitivity and mapping the opto-acoustic responses using distributed SBS measurements with high spatial resolution, featuring today's state-of-the-art spatial resolution. The potential to further increase the spatial resolution to the scale of molecular vibrations (approximately 100 µm) [88] will enable the study of the phonon-photon interaction at this limit.
In addition to the discussed distributed Brillouin measurements techniques, which deal with the detection of backward Brillouin scattering, the distributed forward Brillouin measurement was reported recently for the first time by Bashan et al. [69] and Chow et al. [70] with a spatial resolution of 100 m and 15 m, respectively. The main novelty in both approaches is the simultaneous activation (in the forward direction) and detection (in the backward direction) of the transverse acoustic waves, which involves heavy data processing and dealing with very weak SNR. These experiments open up new opportunities for characterizing on-chip silicon devices in the future, which was not possible using Brillouin distributed measurement before. This was mainly due to the fact that silicon as one of the main platforms of photonic integration exhibits strong forward Brillouin scattering, which has found applications in lasers [28] , non-reciprocal modulators [107] , and RF photonic filters [108] , and therefore, opto-acoustic characterization of such devices is of great interest in this field. While the spatial resolution demonstrated by these techniques is not sufficient for monitoring cm-and mm-scale waveguides, there is room for spatial resolution improvement, as suggested by the authors.
